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DIGITAL PERFORMANCE MONITORING FOR AN OPTICAL 

COMMUNICATIONS SYSTEM 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application is a Continuation-in-Part of 
United States Patent Application No. 10/145,035, filed May 
15, 2002. 

MICROFICHE APPENDIX 
[0002] Not Applicable. 

TECHNICAL FIELD 

[0003] The present invention relates to performance 
monitoring systems, and in particular to a system for 
digital performance monitoring for an optical 
communications system . 

BACKGROUND OF THE INVENTION 

[0004] Optical communications networks are becoming 
increasingly popular for data transmission due to their 
high bandwidth data transmission. Typically, a digital 
data stream is encoded (e.g. using On-Off -Keying - OOK) to 
generate sequential symbols that are conveyed through a 
communications channel by a respective optical channel 
signal. At a receiving end of the communications channel, 
an Optical-to-Electrical (O/E) converter detects the 
received optical channel signal and generates a 
corresponding analog electrical channel signal. The O/E 
converter is followed by an Analog-to-Digital (A/D) 
converter, which generates sequential N-bit samples (where 
N is at least one, and typically between 4 and 8), each of 
which is indicative of the detected power of the received 
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channel signal at a particular instant. As such, the 
samples generated by the A/D converter reflect the combined 
effects of the encoded symbol values, attenuation, noise 
and any other signal distortions affecting the channel 
signal during transmission through the communications 
network. Thus, at best, the samples generated by the A/D 
converter represent a corrupted version of the original 
symbol values. 

[0005] Various known decoding strategies may be used to 
process the "raw" samples generated by the A/D converter to 
detect and decode the symbols conveyed by the channel 
signal, and thereby recover the original digital data 
stream. For example, a digital equalizer may be used to 
process the samples generated by the A/D converter, in 
order to reduce inter-symbol interference (ISI) . A Forward 
Error Correction (FEC) circuit may then be used to process 
the equalizer output to decode each symbol and generate the 
correct value of each bit of the recovered digital data 
stream. 

[0006] As the traffic on fiber optic networks increases, 
monitoring and management of the networks become 
increasingly important issues. To monitor the network, the 
spectral characteristics of the composite signal at 
particular points in the network must be determined and 
analyzed. This information may then be used to optimize 
the performance of the network. 

[0007] Ideally, performance monitoring of an optical 
communications system should be based on the analysis of 
the actual optical signal waveform, across the entire range 
of wavelengths of interest. Spectral analysis of this type 
can be performed using a variety of known signal and 
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spectrum analysis equipment. For example, optical signal 
analyzers are known for determining characteristics of an 
optical signal such as, for example, power level, 
extinction ratio, eye opening, signal-to-noise ratio, 
polarization dependent loss (PDL) , dispersion etc. In order 
to monitor respective channels of a Wavelength Division 
Multiplexed (WDM) communications system, either multiple 
signal analyzers can be arranged in parallel, or a single 
signal analyzer can be sequentially tuned to receive each 
optical channel signal in turn. Optical Spectrum Analyzers 
(OSAs) can be used to determine average and peak power 
levels, as a function of wavelength, across any desired 
range of wavelengths. This data may be used to monitor 
distributed gain and Raman scattering effects within the 
wavelength band of interest. 

[0008] Due to their cost and complexity, conventional 
optical signal and spectrum analysis equipment is typically 
restricted to laboratory use. In order to monitor 

performance of installed optical communications systems, 
simpler and less expensive monitoring equipment is 
required. Typically, this simplified equipment relies on a 
low frequency pilot tone (typically on the order of 1MHz or 
less) that is imposed on the optical signal at a 
transmitter end of an optical fiber. The residual pilot 
tone can then be detected at a desired monitoring point, 
and compared with the known parameters of the original 
pilot tone to estimate a performance parameter of the 
optical communications system. Suitable detectors can be 
installed on each channel of a WDM communications system to 
enable calculation of performance parameter values across a 
wavelength band of interest. In some cases, processing of 
per channel measurements can be used to estimate 
inter-channel effects. In some advanced optical 
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communications systems, simplified analog Optical Spectrum 
Analyzers (OSAs) can be used to measure optical power as a 
function of wavelength. OSAs of this type are typically 
used in conjunction with optical amplifiers, in order to 
facilitate control of pump laser power levels. Typical 
optical performance monitoring systems known in the art are 
disclosed in co-assigned United States Patents 
Nos. 5,513,024; 5,949,560; 5,999,258; 6,128,111; 6,222,652; 
and 6,252,692. 

[0009] While the above-described systems enable some 
degree of performance monitoring, they tend to suffer a 
number of disadvantages. In particular, per-channel 

monitoring systems are typically dependent on a low 
frequency pilot tone (or dither) having known parameters. 
Any error between the design and actual parameter values of 
the launched pilot tone will naturally degrade the accuracy 
of any performance parameters calculated at the monitoring 
point. Additionally, this approach assumes that 

performance parameters calculated on the basis of the low 
frequency pilot tone will be valid for the high-speed data 
traffic. Consequently, any frequency-dependent effects 
cannot be detected (or compensated) with this arrangement. 
Finally, the detectors and signal processors utilized in 
these monitoring systems are low frequency analog devices. 
While this facilitates real-time calculation of performance 
parameters using low cost devices, it sacrifices 
versatility and limits the scope of analysis that may be 
applied to measured optical signal parameters. 

[0010] Accordingly, a method and system that enables 
efficient performance monitoring of an optical 
communications system remains highly desirable. 
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SUMMARY OF THE INVENTION 

[0011] An object of the present invention is to provide a 
method and system that enables efficient performance 
monitoring of an optical communications system. 

[0012] Thus an aspect of the present invention provides a 
method of monitoring performance of an optical 
communications system having a data path including an 
Analog-to-Digital (A/D) converter operatively coupled to a 
data decoder for generating a recovered data stream 
corresponding to subscriber digital data encoded within a 
respective channel signal. According to the present 
invention, the data path is tapped to obtain sample data 
generated by the A/D converter within a predetermined time 
interval. The sample data comprises sequential N-bit 
samples (where N>1) respectively indicative of a detected 
analog value of the channel signal. At least one 
performance parameter of the optical communications system 
is subsequently calculated based on the sample data. 

[0013] A further aspect of the present invention provides 
a digital performance monitoring system for an optical 
communications system. The optical communications system 
has a data path including an Analog-to-Digital (A/D) 
converter operatively coupled to a data decoder for 
generating a recovered data stream corresponding to 
subscriber digital data encoded within a respective channel 
signal. The digital performance monitoring system comprises 
a channel monitor and a digital signal processor (DSP) .The 
channel monitor is designed to tap the data path to obtain 
sample data generated by the A/D converter within a 
predetermined time interval. The sample data comprises 
sequential N-bit samples (where N>1) respectively 
indicative of a detected analog value of the channel 
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signal. The digital signal processor (DSP) is designed to 
calculate at least one performance parameter of the optical 
communications system based on the sample data. 

[0014] In some embodiments, the channel monitor may also 
include a data memory for storing corrected data bits 
generated using the sample data, for example by a Forward 
Error Correction (FEC) circuit. The samples and corrected 
data bits are preferably correlated, so that a corrected 
data bit can be associated with each sample used to 
generate that bit. 

[0015] In some embodiments, the storage of samples (and 
possibly corrected data bits) by each one of a plurality of 
parallel channel monitors is controlled such that the 
storage operation occurs simultaneously. This arrangement 
allows highly accurate correlation of sample data across 
multiple channels, and thus detection of various cross- 
channel effects (such as cross-talk, Raman scattering etc.) 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] Further features and advantages of the present 
invention will become apparent from the following detailed 
description, taken in combination with the appended 
drawings, in which: 

[0017] FIG. 1 is a block diagram schematically 
illustrating principal elements of a conventional optical 
communications system; 

[0018] FIG. 2 is a block diagram schematically 
illustrating principal elements of a performance monitoring 
system in accordance with a first embodiment of the present 
invention; 
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[0019] FIG. 3 is a block diagram schematically 
illustrating principal elements of a channel monitor usable 
in the performance monitoring system of FIG . 2; 

[0020] FIG. 4 is a block diagram schematically 
illustrating a second embodiment of a channel monitor; 

[0021] FIGs. 5a-c schematically illustrate separation of 
an optical power histogram into respective histograms for 
binary "0" and binary "1" bits of a received optical 
signal , in accordance with an embodiment of the present 
invention; 

[0022] FIG. 6 is a block diagram schematically 
illustrating principal elements of a performance monitoring 
system in accordance with a second embodiment of the 
present invention; 

[0023] FIG. 7 is a block diagram schematically 
illustrating principal elements of a performance monitoring 
system in accordance with a third embodiment of the present 
invention; and 

[0024] FIG. 8 is a block diagram schematically 
illustrating principal elements of a performance monitoring 
system in accordance with a fourth embodiment of the 
present invention . 

[0025] It will be noted that throughout the appended 
drawings, like features are identified by like reference 
numerals . 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0026] The present invention provides a method and system 

that enables effective performance monitoring of an optical 



I « 

15385ROUS01U 9-13528-1 94US 

- 8 - 

communications system. FIG. 1 is a block diagram 

schematically illustrating principal elements of a 
conventional optical communications system in which the 
present invention may be deployed. Exemplary embodiments of 
the performance monitoring system in accordance with the 
present invention are illustrated in FIGs . 2-8. 

[0027] As is well known in the art, modern optical 
communications systems typically convey both subscriber 
data signal traffic and administrative signaling. The 
subscriber data signal traffic is generally non-repeating, 
and is typically transported at the highest data rates 
supported by the communications system. Administrative 
signaling (such as, for example, status messages, channel 
identifiers and test probes) is typically low speed (e.g. 
on the order of 1MHz or less), and may be repetitive. An 
important characteristic of the present invention is that 
performance monitoring of the communications system is 
accomplished by analyzing the subscriber data signal 
traffic, rather than low-rate administrative signaling. 
Accordingly, in the present application, references to; 
signal traffic, channels, channel signals, data streams, 
and the like shall be understood to refer to high-speed 
subscriber traffic . 

[0028] As shown in FIG. 1, a conventional optical 
communications system 2 includes a node 4 which receives 
high bandwidth (e.g. on the order of lOGiga-bits per second 
per channel, or more) optical subscriber signal traffic 
through an optical fiber 6. For the purposes of the present 
invention, the node 4 may be provisioned as any network 
element that performs optical-to-electrical conversion of 
the subscriber signal traffic received through the optical 
fiber 6. The communications system 2 shown in FIG. 1 is 
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configured to receive Wave Division Multiplexed (WDM) 
subscriber signal traffic, which is optically 
de-multiplexed, for example using a conventional optical 
demultiplexer 8, to separate each of the individual optical 
channel signals 10. Each optical channel signal is then 
converted to a corresponding electrical channel signal 12 
by a conventional optical-to-electrical (O/E) converter 14. 

[0029] As is well known in the art, the amplitude of the 
electrical channel signal 12 generated by each O/E 
converter 14 is directly proportional to the optical power 
of the respective received optical channel signal 10. A 
high-speed Analog-to-Digital (A/D) converter 16 and a data 
decoder 18 are then used to detect and decode symbols 
within the electrical channel signal 12, and thereby 
generate a recovered digital data stream 20 that accurately 
reflects an original subscriber-originated digital data 
stream. Thus the A/D converter 16 samples the analog 
electrical channel signal 12 generated by the O/E 
converter 14 at a timing of a sample clock having a 
predetermined frequency F s . The A/D converter 16 generates 
sequential N-bit (where N>1) samples 22, each of which is 
indicative of an instantaneous value of the electrical 
channel signal 12. Typically, the value of N will be 
between 2 and 8, but may be as low as 1, or higher than 8, 
if desired. As is well known in the art, the frequency F s 
of the sample clock must be at least equal to the bit-rate 
of the channel signal 10, 12 in order to enable accurate 
detection and decoding of each symbol within the received 
electrical channel signal 12, and subsequent generation of 
the recovered digital data signal 20. 

[0030] As is well known in the art, in some communications 
systems, each channel signal 10 is composed of a pair of 



• * 

15385ROUS01U 9- 1352 8- 1 94US 

- 10 - 

orthogonally polarized optical modes. Digital data can be 
encoded into the channel signal using a variety of known 
encoding schemes, such as, for example, Differential Phase- 
Shift Keying (DPSK) and Quadrature Phase-Shift Keying 
(QPSK) . In order to properly detect and decode symbols 
within each channel signal 10, the optical modes must be 
separated and independently detected. In such cases, the 
data path of each channel will normally include a number of 
O/E detectors 14 and A/D converters 16, so that each 
optical mode can be independently detected and sampled. For 
simplicity of illustration of the present invention, this 
duplication of the O/E detector 14 and A/D converter 16 is 
not shown in FIGs . 1-4. 

[0031] The data decoder 18 may be implemented in various 
ways to detect and decode symbols in the electrical channel 
signal 12. It will be appreciated that the data decoder 18 
may be implemented in various ways well known in the art. 
In the illustrated embodiments, the data decoder 18 employs 
a digital equalizer 24 and a Forward Error Correction (FEC) 
circuit 26. Other known decoders may omit the equalizer 24 
and/or utilize circuitry other than an FEC circuit 26 for 
generation of the recovered digital data stream 20. The 
digital equalizer 24 and FEC circuit 26 operate in a 
conventional manner to process each successive sample 22 
generated by the A/D converter 16 to detect and decode each 
symbol of the electrical channel signal 12. As such, the 
recovered digital data stream 20 generated by the FEC 
circuit 26 will, within the error correction capabilities 
of the FEC circuit 26, accurately reflect the original 
digital data stream conveyed through the received optical 
channel signal 10. 
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[0032] As shown in FIG. 2, the performance monitoring 
system 28 of the present invention generally comprises a 
respective channel monitor 30 coupled to each channel of 
the communications system 2, and a digital signal 
processor 32 (DSP) . Each channel monitor 30 is 
substantially identical, and operates to store at least 
sample data in the form of a set of sequential samples 22 
generated by the channel's A/D converter 16. In systems 
having a more than one A/D converter 16 (e.g. for sampling 
respective mode signals) the sample data will normally 
contain corresponding sets of sequential samples 22 from 
each A/D converter 16 The DSP 32 may be co-located with 
one or more channel monitors (e.g. on a network interface 
card) , or provisioned remote from the channel monitors 
(e.g. on a different card, a different shelf, or even a 
different site on the network) as desired. In either case, 
the DSP 32 is coupled to each channel monitor via a 
suitable data bus 34 or communications link to facilitate 
transfer of the sample data from each channel monitor 30 to 
the DSP 32. As will be described in greater detail below, 
the DSP 32 operates under control of suitable software to 
analyze the sample data to derive a wide variety of both 
per-channel and cross-channel signal analysis. 

[0033] As may be appreciated, the architecture of the 
performance monitoring system 28 is substantially 
independent of the channel plan of the optical 
communications system 2. In particular, each channel 

monitor 30 is substantially identical, and operates 
independently of the other channel monitors 30. Sample 
data stored by each channel monitor 30 is transferred to 
the DSP 32 (e.g. under control of the DSP 32) which 
performs desired signal processing and analysis steps. 
Consequently, changes in the channel plan can readily be 
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accommodated. The design and implementation of a suitable 
DSP 32 and data bus 34 structure capable of facilitating 
communication between the DSP 32 and a very large number of 
channel monitors 30 is well within the purview of those of 
ordinary skill in the art. Because each channel monitor 30 
operates independently, the performance monitor system 28 
is substantially insensitive to the wavelength separation 
between adjacent channels. Thus it will be appreciated that 
the present invention can be readily implemented on WDM 
communications systems having a flexible channel plan 
and/or bandwidths. Furthermore, the channels of the WDM 
communications system may have the same, or different, 
modulation of each channel. Principal elements and 

operations of a first embodiment of the channel monitor 30 
will now be described with reference to FIG. 3. 

[0034] As shown in FIG. 3, each channel monitor 30 
comprises a sample memory 36 (which may be provided as a 
conventional random access memory -RAM) for storing sample 
data in the form of a set of sequential samples 22 
generated by the A/D converter 16. The sample data can 
then be passed to the DSP 32 for processing, as will be 
described in greater detail below. Thus the channel 
monitor 30 utilizes the A/D converter 16 which operates 
normally to detect the electrical channel signal 12 at a 
timing of the sample clock. As such, the sample data stored 
in the sample memory 36 will directly reflect the state of 
the received electrical channel signal 12, and thus the 
performance of the respective optical channel. As an 
additional benefit, the "dual use" of the A/D converter 16 
reduces the cost and complexity of implementing the 
performance monitoring system 28. 
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[0035] In general, the sample memory 36 may be of any 
arbitrary size. Preferably, the sample memory 36 will be 
sized to store samples 22 generated by the A/D converter 16 
within a predetermined interval of time (such as, for 
example, in the range of a few microseconds to 
milliseconds) and/or encompassing a predetermined number of 
samples 22, or a predetermined number of data bits 
generated by the FEC circuit 26. Samples 22 may be stored 
continuously, so that the sample memory 36 always contains 
the most recently generated samples 22. Preferably, 
however, the storage operation is controlled by a "write" 
signal 38 generated by the DSP. For example, the channel 
monitor 30 may be provided with a controller 40 which is 
responsive to the "write" signal 38 to store a 
predetermined number of successive samples 22 generated by 
the A/D converter 16. This arrangement has the advantage 
that the DSP 32 can simultaneously control the storage of 
sample data in every channel monitor 30 of a multi-channel 
system. By properly accounting for propagation delay of 
the "write" signal 38 between the DSP 32 and each of the 
channel monitors 30, it is possible to ensure that the 
storage operation is executed substantially simultaneously 
across all of the channels of the optical communications 
system 2. As a result, the sample data stored by all of 
the channel monitors 30a-n will accurately represent a 
"snap shot" of the state of the optical communications 
system 2 during the involved time interval. As may be 
appreciated, the simultaneous storage of sample data across 
all of the channels of the optical communications system 2 
facilitates correlation of sample data from each channel 
monitor, and thus highly accurate analysis of cross-channel 
effects such as, for example, cross-talk between adjacent 
channels . 
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[0036] In general, at least some differences in the timing 
of the storage operation within each channel monitor 30 
must be expected. That is, precise simultaneity across all 
of the channel monitors 30 will not be achieved. However, 
provided that there is at least some overlap in the timing 
of the storage operation, then sample data from different 
channel monitors can be correlated (at least to the extent 
that the degree of overlap permits) and cross-channel 
effects analyzed. The minimum tolerable degree of overlap 
will generally depend on the minimum amount of signal 
correlation required to analyze a desired cross-channel 
effect . 

[0037] The transfer of sample data to the digital signal 
processor (DSP) 32 can conveniently be controlled by a 
"read" signal 42 generated by the DSP 32. This arrangement 
enables respective sample data from each of multiple 
channel monitors 30 to be transferred to the DSP 32 for 
further analysis. Synchronized storage of sample data 
within the sample memory 36 of each channel monitor 30 
allows indexing of the samples 22 so that the transfer of 
sample data to the DSP 32 does not need to be real-time. 
Because each channel monitor 30 stores samples 22 
representing a substantially simultaneous time intervals 
across all channels of the optical communications system 2, 
information can be transferred from each channel 
monitor 30, in turn, without loss of correlation between 
samples 22 stored by each of the channel monitors 30. 

[0038] As may be appreciated, the accuracy with which the 
DSP 32 can calculate performance parameters of the 
communications system 2 is dependent on the degree to which 
the sample data stored by each channel monitor 30 reflects 
its respective electrical channel signal 12. This, in 
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turn, will be dependent on the resolution of the A/D 
converter 16, and the sample frequency F s of the sample 
clock. Clearly, increasing the resolution of the A/D 
converter 16 (e.g. using an 8-bit converter as opposed to 
a 2 or 4-bit converter) increases precision of each 
sample 22. However, this increased precision is obtained at 
a cost of increased expense and complexity. 

[0039] Accurate detection and decoding of symbols within 
the electrical channel signal 12 requires that the sample 
frequency F s of the sample clock must be at least equal to 
the data rate of the channel signal 10, 12. Increasing F s 
beyond this data rate increases the degree to which the 
sample data stored by each channel monitor 30 reflects its 
respective electrical channel signal 12, and so enables 
calculation of performance parameters with increased 
accuracy. A sample frequency F s of at least twice the 
bandwidth of the channel signal 10, 12 satisfies Nyquist's 
theorem, with the result that the sample data stored in the 
sample memory 36 will contain sufficient information to 
enable the DSP 32 to completely reconstruct the electrical 
channel signal 12 received during the involved time 
interval. This has the advantage of enabling very detailed 
signal analysis to be performed by the DSP 32, but again, 
at a cost in increased cost and complexity of the A/D 
converter 16 and sample memory 36 to accommodate the 
required data processing rate. 

[0040] FIG. 4 is a block diagram showing a second 
embodiment of the channel monitor 30, which also includes a 
data memory 4 4 (which may also be provided as a 
conventional RAM) for storing sequential bits of the 
recovered digital data stream generated by the decoder 
circuit 18. The storage of both sample data 22 and 
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recovered digital data 20 is preferable, in that it greatly 
increases the range of analysis that can be performed by 
the DSP 32, without an undue increase in cost or 
complexity. As with the A/D converter 16, the channel 
monitor 30 exploits a "dual use" for the decoder circuit 18 
already present as part of the data path of the network 
node 4, and thereby reduces the cost of implementing the 
performance monitoring system 28. 

[0041] In the embodiment of FIG. 4, the sample memory 36 
is coupled to the A/D converter 16 as described above in 
order to store successive N-bit samples 32 generated by the 
A/D converter 16. Similarly, the data memory 44 is coupled 
to the output of the FEC circuit 26 in order to store 
successive data bits of the recovered digital data 
stream 20. Because the physical characteristics of the A/D 
converter 16 and the decoder circuit 18 are well 
characterized, it is possible to control the storage 
operation such that each data bit saved in the data 
memory 44 is properly associated with its corresponding 
sample 22 (or samples) stored in the sample memory 36. In 
the illustrated embodiment, this functionality is 
implemented by means of a synchronization circuit 4 6 which 
operates on the basis of a trigger signal 48 generated by 
the FEC circuit 26 (and indicative of, for example, any of: 
the timing of each corrected bit generated by the FEC 
circuit 26; the timing of each FEC block; or the timing of 
a frame in a block/frame FEC decoder) , in combination with 
the known propagation delay between the A/D converter 16 
and the output of the FEC circuit 26. 

[0042] In general, the sample and data memories 36 and 4 4 
may be of any arbitrary size. Preferably, each of these 
memories 36, 44 will be sized to store corresponding 
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samples and corrected bits 20 within the involved interval 
of time (such as, for example, in the range of microseconds 
to milliseconds) , and/or encompassing a predetermined 
number of samples 22 or corrected data bits generated by 
the FEC circuit 26. Samples 22 and corrected bits 20 may 
be stored continuously, so that the sample and data 
memories 36 and 44 always contain up-to-date information. 
Preferably, however, the storage operation is controlled by 
the "write" signal 38 generated by the DSP 32, as described 
above with the reference to FIG. 3. The channel monitor 
may be responsive to the "write" signal to store a 
predetermined number of corrected data bits and 
corresponding samples. Thus, the DSP can simultaneously 
control the storage of information in every channel 
monitor 30 across all of the channels of the optical 
communications system 2. As will be appreciated, the 
simultaneous storage of (correlated) sample and corrected 
bits within each channel of the optical communications 
system facilitates highly accurate analysis of 
cross-channel effects such as, for example, cross talk 
between adjacent channels. 

[0043] The transfer of samples and corrected bits to the 
digital signal processor 32 can conveniently be controlled 
by a "read" signal 42 generated by the DSP 32 as described 
above with reference to FIG. 3. 

[0044] If desired, the channel monitor 30 can also be 
configured (e.g. by means of a suitable memory and 
connections) to store and transfer various operating 
parameters of the A/D converter 16 and decoder 18 to the 
DSP 32 along with the samples and corrected bits. Exemplary 
operating parameters may include: threshold levels and 
sample clock phase used by the A/D converter 16 to generate 
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the samples; and equalizer settings used to control 
operation of the digital equalizer 24 . 

[0045] As may be appreciated, the storage and transfer of 
correlated samples 22 and corrected bits 20 for each 
channel facilitates a wide range of sophisticated signal 
analysis operations to be performed for each respective 
channel. For example, FIG. 5A shows an exemplary 

histogram 50 for on-off -keying (OOK) encoded data, which is 
derived from samples 22 stored in the sample memory 36 of a 
channel monitor 30. As may be seen in FIG. 5A, the 
histogram 50 shows the clustering of samples 22 around a 
high value representing a binary "1", and a low value 
representing a binary "0". Sample values within each of 
these clusters are unambiguous, in that a simple threshold 
comparison accurately reproduces the correct data bits. 
Samples lying between these two clusters are ambiguous and 
tend to generate errored bits that must be corrected by the 
FEC circuit 26. 

[0046] In general, the distance between the respective 
means of the two clusters is indicative of the eye opening, 
while the width of each cluster (which may be represented 
by the variance or standard deviation, as desired) is 
indicative of signal noise. As may be appreciated, the 
samples 22 stored in the sample memory 36 of the channel 
monitor 30 readily facilitate generation and analysis of 
the histogram of FIG. 5A, and therefore calculation of eye 
opening, signal noise, and other relevant characteristics 
of the respective optical channel. This operation can be 
performed equally in the embodiments of FIGs . 3 and 4. In 
the embodiment of FIG. 4, the samples 22 stored in the 
sample memory 36 are also unambiguously correlated to 
respective correct data bits 20 (generated by the FEC 
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circuit 26) . In this case, it is possible to separate the 
histogram of FIG. 5A into respective histograms 52, 54 for 
binary "0" bits and binary "1" bits, as shown in FIGs. 5b 
and 5c, respectively. 

[0047] As mentioned previously, the A/D converter 16 
samples the received channel signal at a time of the sample 
clock. In a simple embodiment of the invention, the sample 
clock is generated by a clock-recovery circuit (not shown) , 
and is frequency-locked with the received channel signal. 
The phase of the sample clock is preferably adjusted so 
that the timing of each sample 22 coincides with the 
expected center of each symbol within the electrical 
channel signal 12. This arrangement has the advantage that 
timing each sample 22 to coincide with each received symbol 
improves the accuracy of decoding and data recovery, as 
well as correlation between samples 22 and corrected data 
bits 20. 

[0048] As is well known in the art, each sample 22 will 
normally be correlated with more than one symbol within the 
received electrical channel signal 12, which produces 
inter-symbol interference (ISI) . The digital equalizer 24 
processes each sample 22 in order to correct the ISI, and 
the processed sample supplied to the FEC circuit 26, which 
generates the corrected data bits. Both the sample 22 and 
the corrected data bits 20 are stored for further 
processing by the DSP 32, as described above. This 
arrangement provides an M-to-one (where M^l) correlation 
between samples and corrected bits, which facilitates a 
wide range of per-channel signal analysis by the DSP. 

[0049] Alternatively, the sample clock can be a 
free-running clock having a frequency greater than the data 
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rate of the received electrical channel signal 12. In this 
case, the A/D converter 16 will generate more than one 
sample 22 for each symbol within the received channel 
signal, and the timing of each sample 22 will, in general, 
not coincide with the center of each symbol. According to 
Nyquist's theorem, if the frequency of the sample clock is 
selected so that the A/D converter 16 samples the received 
channel signal at a sample rate F s of at least twice the 
bandwidth of the electrical channel signal 12, then the 
samples 22 stored in the sample memory will contain 
sufficient information to enable the DSP 32 to completely 
reconstruct the electrical channel signal 12. As in the 
simplified embodiment described above, the digital 
equalizer 24 processes each sample 22 in order to correct 
ISI, and the processed samples supplied to the FEC 
circuit 26, which generates the corrected data bit. Both 
the corrected data bit and the corresponding samples 22 are 
stored for further processing by the DSP 32, as described 
above. This latter arrangement implies an M-to-one (where 
M^2) correlation between samples 22 and corrected bits 
stored in the sample and data memories 36 and 44. 

[0050] As may be appreciated, reconstruction of the 
electrical channel signal 12 enables a more extensive range 
of per-channel analysis to be implemented by the DSP 32. 
For example, a noise spectrum within the respective channel 
can be detected and characterized. 

[0051] In either of the above embodiments, changes in the 
electrical channel signal 12 (e.g. between successive time 
intervals) can be detected. This information can be used to 
detect changes in the state of the optical communications 
system 2 and/or determine the sensitivity of the electrical 
channel signal 12 to changes in control parameters used for 
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controlling the optical communications system 2. Both of 
these results can be used to optimize the performance of 
the optical communications system 2 . 

[0052] Because respective sets of samples 22 are 
simultaneously stored by each channel monitor 30, the 
respective channel signals reconstructed by the DSP 32 will 
be time-correlated. This enables the DSP 32 to compare the 
signals within respective different channels to evaluate 
various cross-channel effects. Exemplary analysis that may 
be performed by the DSP 32 include (but are not limited 
to) : 

a) Linear cross-talk between neighboring channels can 
be measured by correlation of the respective stored 
sample data. This information can then be used to 
evaluate (and/or optimize) performance of the 
optical demultiplexer, for example. 

b) A known dither can be impressed on, for example, a 
selected optical channel signal or a pump laser at 
a point up-stream of the performance monitoring 
system 28. The DSP 32 can use the known dither to 
evaluate Raman scattering effects, and this 
information may be used to optimize performance of 
pump lasers within the optical communications 
system. 

c) Four-wave mixing cross-talk can be evaluated by 
correlating the product of two (or three) signals 
(as represented by the sample data stored by a pair 
of channel monitors 30) with a signal measured by a 
third (or fourth) channel monitor 30. 
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d) The location in time of bit errors and the bit 
error rate can be calculated for each channel the 
FEC circuit.. The location and/or rate of errors 
can be correlated with the presence or strength of 
certain phenomena, e.g. four wave mixing. 

e) Comparison between the samples and data bits stored 
by a channel monitor 30 can also be used to 
identify errored symbols within the electrical 
channel signal 12. These errored symbols can be 
correlated, in time, to identify error patterns. 
These error patterns may be used to identify 
defective components or other sources of error. 
They may also be used . to identify effects of 
dispersion, polarization mode dispersion (PMD) 
and/or polarization dependent loss (PDL) . 

f) Equalizer settings may be used to determine 
dispersion, polarization mode dispersion (PMD) 
and/or polarization dependent loss (PDL) . 

g) In systems in which the sample data satisfies 
Nyquist's theorem, the reconstructed channel signal 
can be analyzed to detect phase jitter. 
Correlation between the detected phase jitter and 
the reconstructed signal of the same and other 
channels can be used to identify self phase 
modulation (SPM) and cross-phase modulation (XPM) , 
respectively . 

[0053] In the embodiments of FIGs. 2-5, a filter-based 
optical demultiplexer 8 is used to separate each channel 
signal 10 from the WDM signal 6. As is known in the art, 
limitations imposed by the filter-based optical 
demultiplexer 8 can be overcome by eliminating the optical 
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demultiplexer 8 and providing a respective channel receiver 

56 for detecting each channel signal 10 using a coherent 

optical receiver 58, as shown in FIG. 6. A plurality of 

channel signals 10 can be detected simultaneously by 

providing multiple parallel channel receivers 56. A 

respective local oscillator (LO) 60 of each channel 

receiver 56 is tuned such that the coherent optical 

receiver 58 will detect the appropriate channel signal 10 

within the inbound WDM signal 6. Coherent optical 

receivers 58 are known, for example, from "Polarization 

Independent Coherent Optical Receiver", by B. Glance, 

Journal of Lightwave Technology, Vol. LT-5, No. 2, February 

1987; "Performance of Coherent Optical Receivers", by John 

R. Barry and Edward A Lee, Proceedings of the IEEE, Vol. 

79., No. 8, August 1990; "Fiber-Optic Communications 

» 

Systems", 2 nd ed. Govind P. Agrawal, John Wiley & Sons, New 
York, 1997, ISBN 0-471-17540-4, Chapter 6; and applicant's 
co-pending United States Patent Application No. x,xxx,xxx, 
filed June x, 2003. 

[0054] In the embodiment of FIG. 6a, the coherent optical 
receiver 58 generates the electrical channel signal 12 in 
the form of respective in-phase and quadrature signal 
components for each polarization mode of the optical 
channel signal 10. With this arrangement, a respective A/D 
converter 16 samples each signal component generated by the 
coherent optical receiver 58 at a timing of a sample clock 
having a predetermined frequency F s . The respective series 
of sequential N-bit samples 22 generated by each A/D 
converter 16 is indicative of an instantaneous value of the 
respective component of the electrical channel signal 12. 
Typically, the value of N will be between 2 and 8, but may 
be as low as 1, or higher than 8, if desired. 
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[0055] Collectively, the N-bit samples 22 generated by the 
A/D converters 16 represent the complex E-field of each 
polarization mode of the channel signal* Thus the coherent 
optical receiver 58 cooperates with the A/D converters 16 
to sample the complex E-field of the optical channel signal 
10. As will be appreciated, the complex E-field may be 
represented by signal formats other than In-phase and 
Quadrature (that is, Cartesian) signal components. Indeed, 
the coherent optical receiver 58 and A/D converters 16 may 
be arranged to sample any suitable combination of 
orthogonal signal components (e.g. Polar signal components 
such as phase and amplitude) which collectively represent 
the complex E-field of the optical channel signal 10. 

[0056] The data decoder 18 may employ any of a variety of 
known decoding strategies to process the "raw" samples 22 
generated by the A/D converters 16 to detect and decode the 
symbols conveyed by the channel signal 10, and thereby 
recover the original digital data stream. In the embodiment 
of FIG. 6a, a channel digital signal processor (DSP) 64 is 
cascaded with a Forward Error Correction (FEC) circuit 26. 
Other known decoders may utilize circuitry other than an 
FEC circuit 26 for generation of the recovered digital data 
stream 20. The channel DSP 64 and FEC circuit 26 operate in 
a conventional manner to process each successive sample 22 
generated by the A/D converters 16 to detect and decode 
each symbol of the electrical channel signal 12. Thus, for 
example, the channel DSP 64 may filter each signal 
component to reduce the effects of inter-symbol 
interference (ISI), combine the filtered signal components 
to obtain a value of each successive symbol, and then 
decode each symbol to generate a corresponding bit stream, 
which is then passed to the FEC circuit 26. The recovered 
digital data stream 20 generated by the FEC circuit 26 
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will, within the error correction capabilities . of the FEC 
circuit 26, accurately reflect the original digital data 
stream conveyed through the received optical channel 
signal 10. 

[0057] The channel monitor 30 and the external DSP 32 
operate in a manner directly analogous to embodiment of 
FIG. 4. However, in this case, the sample memory 36 is 
coupled to the channel DSP 64, and may be used to store any 
of: successive N-bit samples generated by any one or more 
of the A/D converters; or sample values after filtering 
(e.g. to reduce ISI) . The data memory 44 is coupled to the 
FEC circuit 26 in order to store successive data bits of 
the recovered digital data stream 20. As in the embodiment 
of FIG. 4, because the physical characteristics of the 
decoder circuit 18 are well known, it is possible to 
control the storage operation such that each data bit saved 
in the data memory 44 is properly associated with its 
corresponding sample or symbol value (s) stored in the 
sample memory 36. Note that each symbol may represent more 
than one data bit, in which case each symbol stored in the 
sample memory 36 may be associated with more than one 
recovered data bit stored in the data memory 44. 

[0058] The embodiment of FIG. 6b is similar to that of 
FIG. 6a, except that in this case, the functionality of the 
controller 40 is incorporated into the channel DSP 64. 
Accordingly, the trigger signal 48 generated by the FEC 
signal is supplied to the channel DSP 64, in order to 
facilitate synchronization (and thus correlation) of stored 
sample data and bits of the recovered data stream 20. 
Additionally, the channel DSP 64 can be made responsive to 
the "read" signal 42, to transfer the stored sample data 
from the sample RAM 36 to the external DSP 32. 
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[0059] All of the signal analysis methods and performance 
monitoring techniques described above with reference to the 
embodiment FIGs. 4 and 5 can be performed using the 
embodiment of FIGs . 6a and 6b. In addition, these 

techniques may be implemented on the basis of "raw" samples 
generated' by the A/D converters 16; filtered samples or 
recovered symbols, as desired, by suitably controlling the 
channel DSP 64 to store the desired data in the sample RAM 
36. As will be appreciated, the sample data stored in the 
sample RAM 36 will generally contain sample data for each 
component (In-Phase and Quadrature) or both polarization 
modes. This provides a rich data set from which it is 
possible to analyze a wide range of polarization dependent 
effects using methods well known in the art. 

[0060] FIG. 7 shows a third embodiment of the present 
invention, in which a mode selector 66 is controlled by the 
external DSP 32 to select one of the polarization modes of 
the channel signal 10. The In-phase and Quadrature 

components of the selected mode are then passed to the A/D 
converters 16 and decoder 18 for processing as described 
above with respect to FIG. 6a. In this case, the coherent 
optical receiver 58, mode selector 66 and A/D converters 16 
cooperate to sample to complex E-field of the selected 
polarization mode. 

[0061] The performance monitor of FIG. 7 is capable of 
performing all of the signal analysis and performance 
monitoring functions described above in connection with 
FIGs. 3-6. In addition, the embodiment of FIG. 7 is also 
capable of sequentially analyzing the performance of each 
of the orthogonal polarization modes of the channel signal 
10. Even though both polarization modes cannot be analyzed 
simultaneously, comparison between the performance 
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parameter values calculated for each polarization mode can 
still be used to monitor polarization dependent effects. 

[0062] In the embodiments of FIGs. 2-7, The present 
invention is described by way of embodiments implemented 
within a receiving node 4 of an optical communications 
system. However, it will be appreciated that the present 
invention may be used to monitor system performance at 
other locations within the network. For example, FIG. 8 
illustrates an embodiment of the present invention 
implemented to monitor performance of an optical amplifier 
68 disposed within a link of the optical network. 

[0063] As shown in FIG. 8, a conventional optical 
amplifier 68 typically comprises one or more cascaded 
amplifier blocks 70 (such as, for example, Erbium Doped 
Fiber Ring Amplifiers - EDFAs) . Each amplifier block 70 
utilizes known techniques to amplify the optical power 
level of a WDM signal transiting the amplifier 68. In 
order to monitor performance of the amplifier 68, 
conventional low-gain (e.g. 20db) optical couplers 72 are 
used to tap the WDM signal at the input and output of each 
amplifier block 70. Each tapped signal 74 is coupled to a 
tap selector 76, which operates under control of the 
external DSP 32 to select a desired one of the tapped 
signals 74 for further analysis. 

[0064] In the embodiment of FIG. 8, the selected tapped 
signal 74 is supplied to a channel receiver 56 which 
operates in a manner substantially identical to that of 
FIG. 6a. Similarly, the performance monitoring system 28 
operates in a manner substantially identical to that of 
FIG. 6a. Thus the sample memory 36 is coupled to the 
channel DSP 64, and may be used to store any of: successive 
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N-bit samples generated by any one or more of the A/D 
converters; sample values after filtering; or symbol values 
obtained by the channel DSP 64. The data memory 44 is 
coupled to the FEC circuit 26 in order to store successive 
data bits of the recovered digital data stream 20. As may 
be appreciated, many modern optical communications networks 
are designed such that a "clean" optical signal arrives at 
the receiving node 4 of a link. However, at intermediate 
points along the link, the optical signal may contain a 
significant amount of noise. Accordingly, it may not be 
possible for the channel DSP 64 and FEC circuit 26 to 
successfully decode the channel signal 10 and generate the 
recovered data stream 20. In cases where successful 
decoding of the channel signal 10 is impossible, the FEC 
circuit 26 and data RAM 44 may be omitted from the channel 
receiver 56. In view of this fact, these elements are shown 
in dashed lines in FIG. 8. 

[0065] With this arrangement, all of the signal analysis 
methods and performance monitoring techniques described 
above with reference to the embodiment FIG. 3 can be 
performed using the embodiment of FIG. 8. To the extent 
that the channel DSP 64 and FEC circuit 26 are able to 
successfully generate the recovered data stream 20, the 
performance monitoring techniques described above with 
reference to the embodiment FIGs. 4-6 can be attempted. In 
addition, by controlling the frequency of the local 
oscillator 60, the coherent optical receiver 58 can be 
controlled to "sweep" across any desired frequency range. 
This enables performance monitoring of each channel of the 
WDM signal 6 to be analyzed, in turn, using a single 
channel receiver 56. If desired, two or more channel 
receiver 56 can be provided in parallel, thereby enabling 
cross— channel effects to be detected and analyzed. As will 
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be appreciated, by controlling the tap selector 76 to 
successively route each tapped signal 74 to the channel 
receiver (s) 56, digital signal analysis can be performed on 
each tapped signal 74, and the results for each tapped 
signal compared to monitor performance variations through 
the optical amplifier 68. This information can be used for 
fault isolation and/or performance optimization. 

[0066] The embodiments of the invention described above 
are intended to be exemplary only. The scope of the 
invention is therefore intended to be limited solely by the 
scope of the appended claims. 



